muscle is equipped with intricate intrinsic mechanisms to regulate adaptive remodeling. Recent and extensive experimental findings powered by novel strategies for screening protein-protein interactions, improved imaging technologies, and versatile transgenic mouse methodologies reveal that Z disks and titin filaments possess unexpectedly complicated sensory and modulatory mechanisms for signal reception and transduction. These mechanisms employ molecules such as muscle-enriched LIM domain proteins, PDZ-LIM domain proteins, myozenin gene family members, titin-associated ankyrin repeat family proteins, and muscle-specific ring finger proteins, which have been identified as potential molecular sensor components. Moreover, classic transmembrane signaling processes, including mitogen-activated kinase, protein kinase C, and calcium signaling, also involve novel interactions with the Z disk/titin network. This compartmentalization of signaling complexes permits alteration of receptor-dependent transcriptional regulation by direct sensing of intrinsic stress. Newly identified mechanical stress sensors are not limited to Z-disk region and to I-band and M-band regions of titin but are also embedded in muscle-specific membrane systems such as the costamere, intercalated disks, and caveolae-like microdomains. This review summarizes current knowledge of this rapidly developing area with focus on how the heart adjusts physiological remodeling process to meet with mechanical demands and how this process fails in cardiac pathologies.
Control mechanisms regulating cardiac function reveal unexpected complexity and ingenuity in design. An excellent analogy is the dazzling complexity found under the hood of modern automobiles. Sensors wired to microchips regulating power output and economical fuel flow are widely distributed and surround an engine and power transmission system. Similarly, a cardiac myocyte is not a simple carbohydrate-consuming power generator. Apart from the classic intrinsic control mechanisms such as the autoregulation in the Frank-Starling relation and extrinsic control by baroreflex regulation, the heart possesses extensive flexibility to adjust to short-and long-term hemodynamic demands while maintaining optimal and effective energy consumption. The loss of these adaptive mechanisms promotes cardiac failure. At a cellular level, the plasticity of postnatal cardiomyocytes has been well known as cellular hypertrophy and molecular remodeling. In this way, molecular interpretation of mechanical stress-sensing machinery has attracted the attention of many cardiovascular scientists. Early research focus was to find how second messengers and signaling cascades work in cardiomyocytes and how these pathways regulate transcriptional mechanisms of a series of genes that are in some cases protooncogenes and in other cases cardiac-specific genes, such as myosin heavy and light chains, cardiac and skeletal actins, troponin subunits, and ion channels. The working hypothesis was relatively simple, which was illustrated by arrows connecting signal molecules between sarcolemma, cytoplasm, and the nucleus (Fig. 1A) . However, scientists have been naturally realizing that passive diffusion of signal molecules cannot explain cardiomyocyte biology, and the subcelluar compartmentalization of signal machineries has become a popular research focus (Fig. 1B) .
Z DISKS AS THE "CENTRAL STRUCTURE" OF SARCOMERE
The Z disk is commonly illustrated as a simple structure at the lateral border of the sarcomere unit. Actin-containing thin filaments from neighboring sarcomeres overlap at the Z disk and are cross-linked by tight interactions with ␣-actinin. However, an alternative view places Z disks at the center of sarcomeric structure. Indeed, in the early steps of myofibrillogenesis, Z-disk precursors (Z bodies) form as a patchy ␣-actinin-rich electrically dense body distributed just beneath the plasma membrane (102, 110) . These Z bodies are initially connected with stress fiber-like structures that contain actin and nonmuscle myosin similarly to adhesion junctions found in nonmyocytes. This myofilament antecedent-bridging Z body matures to a striated structure consisting of three filamentous components: thin filaments with actin and actin-binding proteins, thick filaments with oligomerized muscle-type myosin, and the giant titin molecule (22, 51) . In addition, intermediate filaments (predominantly desmin) circumscribe the myofilaments densely at the Z disk in cardiomyocytes (22). Intermediate filaments intermingle between the laterally aligned myofilaments so that Z disks line up and form a support for synchronized and cost-effective contraction and relaxation between muscle fibers. Intermediate filaments also link Z disks to desmosomes, focal adhesion junctions, and the nucleus.
Classically, ␣-actinin was considered an exclusive component of Z disk embedded tightly inside of its lattice structure; however, scores of recent studies have provided evidence of an unpredicted complexity and wealth of Z disk-associated molecules in cardiomyocytes (Fig. 2) . It is now clear that the Z disk is not a simple mechanical joint but an as yet incompletely understood protein-rich functional structure. An important issue is that it is apparent in some cases there is poorly documented use of the term "Z-disk localization" to characterize protein distribution. The widely employed strategy of double immunostaining with ␣-actinin or vinculin as a reference protein under epifluorescent and confocal microscopy does not provide sufficient spatial resolution to determine real molecular compartmentalization. Moreover, computer-aided imaging and postprocessing of microscopic images may be misleading.
The accumulation of signaling-related proteins at Z disks and their physiological significance were extensively and thoroughly reviewed in a recent article by Pyle and Solaro (101) . The following section extends this information with focus on LIM proteins enriched in this subcellular compartment.
LIM PROTEINS SEGREGATING AT Z DISKS: POTENTIAL STRESS SENSOR MEDIATORS

Cytoplasmic LIM-Only Proteins
Proteins interacting with or localizing in close proximity to cardiac Z disk include a subset of adaptor molecules that have putative protein binding motifs. One such protein is musclespecific LIM protein (MLP, i.e., CSPR3), which was originally identified by Caroni's laboratory as a skeletal muscle gene expressing coincidently with the appearance of differentiated skeletal muscle, downregulated in the adult skeletal muscle, and reinduced after surgical denervation and was a candidate molecule as a regulator of myogenic differentiation (5) . Subsequent studies identified that MLP is highly expressed in the developing and adult myocardium. An MLP-null mouse demonstrated severe cardiac dysfunction and histological changes closely resembling those in human dilated cardiomyopathy (6) . MLP is also known as the cysteine-rich protein 3 (CRP3) because it was independently found as a member of a closely related CRP protein family that had been studied by Beckerle's laboratory (104 (10, 26) .
Human MLP/CRP3 (CSRP3) mutations have been linked to the pathogenesis of cardiomyopathy. We first identified the Trp4Arg mutation in a subset of European dilated cardiomyopathy patient population (69) . Subsequently, Leu44Pro, Ser54Arg/Glu55Gly, and Cys58Gly amino acid changes were found in unrelated patients with familial hypertrophic cardiomyopathy (49) . Furthermore, a Lys69Arg mutation was identified in an infant with an early-onset dilated cardiomyopathy (90) . Among these amino acid changes, protein interaction analyses indicated that Trp4Arg, Lys69Arg, and Cys58Gly decrease or abolish MLP/CRP3 interactions with T-cap/telethonin (69), ␣-actinin-2 (49), and nebulin-related anchoring protein (N-RAP) (48) , respectively (see below for more details about MLP/CRP3-interacting proteins). Because these genetic changes are heterologous, they may cause haplo-insufficiencies or dominant negative effects in cardiomyopathy patients. Along this line, a decrease in MLP/CRP3 protein level was found in end-stage failing hearts collected generally from patients with dilated and ischemic cardiomyopathy (135) . The low MLP/CRP3 protein expression level in human failing hearts was found without significant changes in mRNA levels.
Several cytoskeletal proteins and signal regulators have been identified as partners associating with MLP/CRP3. Beckerle's group originally demonstrated the direct interaction of MLP/ CRP3 with zyxin and ␣-actinin using a protein overlay on blotted membranes (81) . Experiments performed in Perriard's laboratory, which employed a solid-phase protein-binding assay, together with dot-blot protein overlay and coimmunoprecipitation analyses, indicated that MLP/CRP3 interacts with N-RAP (38): N-RAP is a nebulin-related NH 2 -terminal LIM protein that also binds to actin, vinculin, and tailin (82) . On the other hand, with the use of yeast two-hybrid protein interaction screening confirmed by coimmunoprecipitation and an in vitro GST-fusion protein pull-down assay, our group (69) found that MLP/CRP3 interacts with T-cap/telethonin, which caps titin filaments at the Z disk. MLP/CRP3 binds to ␣1-spectrin as well, as identified by a yeast two-hybrid screen and confirmed by coimmunoprecipitation and GST pull-down analyses (42) . Furthermore, MLP/CRP3 interaction with several muscle basic helix-loop-helix transcriptional regulators such as myogenic differentiation antigen (MyoD), muscle regulatory factor 4 (MRF4), and myogenin was indicated by using in vitro proteininteraction assays, coimmunoprecipitaion, and a mammalian two-hybrid system (70) , which is consistent with early studies showing that overexpresssion of MLP/CRP3 distributes inhomogeneously both in the cytosol and in the nucleus (4). More recently, MLP/CRP3 interaction with a calcium/calmodulindependent phosphatase calcineurin (Cn) was detected by MLP/ CRP3 immunoblotting after immunoprecipitation of mouse ventricular lysates with an anti-Cn antibody (55) . The potential significance of MLP/CRP3 binding with these molecules is discussed below.
Because MLP-null mice develop dilated cardiomyopathy with progressive heart failure (6) and, as indicated above, mutations of MLP/CRP3 (CSRP3) and downregulation of MLP/CRP3 have been found in human patients, it has been questioned how MLP/CRP3 defects induce (or are associated with) the initiation and progress of cardiomyopathy and heart failure. Intrigued by the interaction of MLP/CRP3 with various Z disk proteins and MLP/CRP3 localization in the close vicinity of Z disk (MLP/CRP3 immunostaining flanks Z disk at its edge) (6, 56), we investigated the ultrastructure and the mechanical properties of MLP-null mouse myocardium. Electric microscopy revealed strikingly disorganized and widened Z disks in the MLP-null myocardium. Physiological characterization of cardiac papillary muscle obtained from 2-wk-old MLP-null mice identified a selective defect in passive elastic properties (69) , which was most obvious in the low range of strain where titin is the major source of passive stress in the myocardium (51) . Furthermore, MLP-null neonatal cardiomyocytes cultured on elastic silicon membranes showed a complete loss of induction by stretch of brain natriuretic peptide (BNP) mRNA, a heart failure marker (69), whereas BNP induction by Gq-protein coupling receptor (GqPCR) agonist stimulation remained intact (69) . Notably, a recent study from Wollert and Drexler's laboratory (55) showed BNP induction was nearly completely blunted in the noninfarct zone myocardium obtained from the 6-wk post-myocardial infarct (post-MI) heterozygous MLP-null mice, suggesting defects in selective signalings to regulate some genes in the hearts with a reduced amount or null of MLP protein.
Physiological characteristics of MLP-null myocardium indicate that the absence of MLP/CRP3 induces abnormal intrinsic elastic properties of titin, perhaps via dislocating T-cap/telethonin, a common MLP/CRP3 and titin interacting protein from Z disks. Importantly, T-cap/telethonin dropout from Z disks was confirmed in a cardiac biopsy specimen obtained from a dilated cardiomyopathy patient with the Trp4Arg MLP/ CRP3 mutation (69) . We hypothesized that either the conformational changes of titin itself or the reduction of passive strain generated by titin and projected to hypothetical Z-disk mechanical stress sensors (presumably the MLP/CRP3-T-cap/telethonin-Z-disk domain titin macromolecular complex) results in an inability of cardiomyocytes with MLP/CRP3 defects to properly sense passive mechanical stresses. We viewed the passive mechanical stress as corresponding to the end-diastolic ventricular wall stress, as titin elastic elements are stretched at the highest level at end diastole during a cardiac cycle. Reduction of diastolic wall stress by enhancing sarcoplasmic reticulum calcium uptake indeed prevented the development of dilated cardiomyopathy phenotypes in MLP-null mice (87) ; this therapeutic strategy was further tested in BIO14.6 cardiomyopathic hamsters (58) and in post-MI chronic heart failure rats (62) by using a somatic gene transfer strategy. There is an associated yet distinctive possibility that MLP/CRP3 itself is a unique signal molecule and/or a site of docking of other signal molecules. This possibility is discussed below.
A major question remains: what is the molecular identity of the derailed signal pathways linked to titin-Z disk mechanical stress sensors in null MLP/CRP3 or reduced MLP/CRP3 myocardium? MLP/CRP3 itself is an obvious candidate as a signal mediator, in light of the previous finding that MLP/CRP3 interacts with MyoD, MRF4, and myogenin and induces C2C12 myoblast differentiation (70) . CRP family members have a conserved potential nuclear localization sequence, and retention of CRPs in the cytoplasm by interacting with ␣-actinin and/or zyxin has been hypothesized (14) . Of interest is that zyxin is another Z-disk vicinity-localized LIM domain protein with a nuclear export signal sequence. It is tempting to speculate that zyxin retention of MLP/CRP3 at or adjacent to the Z disk is regulated by mechanical stress. In this regard, enhanced nuclear staining of MLP was reported in a rat model of right ventricular hypertrophy exposed to surgical pulmonary hypertension (37); however, our preliminary study did not detect obvious nuclear translocation of MLP/CRP3 in the left ventricles collected from hearts chronically stressed by aortic coarctation (unpublished observations). Intriguingly, recent studies by Sussman's laboratory demonstrated that zyxin transduces anti-apoptotic signal to the nucleus, which was activated by cGMP elevation, cooperatively with Akt in cardiomyocytes (65) . Whether such zyxin-dependent signaling is involved in the pathogenesis of MLP/CRP3-defective myocardium remains to be determined. On the other hand, Wollert and Drexler's laboratory (55) reported Cn as another direct MLP/ CRP3-binding protein in the myocardium. In this study, MI surgery in heterozygous MLP-null mice induced dissociation of Cn from Z disks and blunted activation of Cn-dependent signaling. Further studies are required to more fully understand the physiological significance of this signaling pathway; e.g., the binding affinity and stoichiometric ratio of MLP-Cn interaction should be determined together with the identification of interaction domains. Cn-dependent signal can be analyzed in MLP/CRP3 complete null cardiomyocytes by applying other forms of in vivo and in vitro mechanical stresses.
Muscle PDZ-LIM Proteins
PDZ-LIM proteins have emerged as a family of candidate molecules functioning as adaptors in translating mechanical stress signals from the Z disk to the nucleus. The PDZ domain is recognized as repeated sequences of ϳ90 amino acids and is the most widely distributed protein-binding motif (93) . Proteins with the PDZ domain accumulate largely at or near plasma membranes, yet some are distributed in the nucleus. Whereas there are PDZ domain-only proteins, a subset of PDZ domain proteins have additional protein interacting motifs. Among them, PDZ-LIM proteins constitute a gene family with two protein adaptor motifs: PDZ and LIM. Two major types of PDZ-LIM proteins have been recognized in cardiomyocytes. One type are PDZ-1LIM proteins represented by ␣-actininassociated LIM domain protein (ALP, i.e., PDLIM3), which has an NH 2 -terminal PDZ domain and a single LIM domain at the COOH terminus. The other type constitutes the enigma gene family with one NH 2 -terminal PDZ domain and three tandem LIM domains on the COOH-terminal side (PDZ-3LIM proteins). The 36-kDa PDZ-1LIM protein ALP was found at Z disks in neonatal rodent cardiomyocytes and in embryonic chick cardiomyocytes and is less expressed in adult rodent hearts (56, 94) . In vitro experiments demonstrated that ALP enhanced the ability of ␣-actinin to cross-link F-actin (94) . Thus cardiac ALP protein may facilitate actin-filament anchoring to Z disks and promote their mechanical stability. Indeed, right ventricular dominant cardiomyopathy was recognized in ALP-null mice, whereas embryonic ALP expression is prominent in the trabeculae of right ventricles (94) . Interestingly, although ALP binds to ␣-actinin (56, 125) , ALP localization at Z disks is independent of its association with ␣-actinin, suggesting there exist other interacting molecules of ALP at Z disks (56) . In fact, ALP is more readily detectable at intercalated disks in adult mouse hearts (94) in a distribution that does not overlap with the density distribution of ␣-actinin in cardiomyocytes. The physiological role of ALP at intercalated disks has not been fully understood yet. Enigma (PDLIM7), which is the prototype of enigma gene family, was originally identified as a binding protein of human insulin receptor (124) and the Ret/ptc2 oncogene derived from c-Ret receptor tyrosine kinase (36), and later the association of enigma with actin filaments and its interaction with ␤-tropomyosin (TPM2) were identified (52) . Enigma localizes at the boundary of Z disks and I bands (52) . Enigma homolog (ENH, i.e., PDLIM5) is the closest gene family member of enigma and was originally identified as a protein kinase C (PKC) binding protein (72) ; ENH is highly expressed in cardiomyocytes and localizes at Z disks in neonatal and adult rodent cardiomyocytes (92) . PKC binding to the prototype gene enigma has also been confirmed (72) . Another enigma family protein, LIM domain-binding factor 3 (LDB3), was found in cardiomyocytes independently by three groups. The human and mouse sequences of LDB3 were found by Faulkner's laboratory and named as Z band alternatively spliced PDZmotif protein (ZASP) due to its highly variable alternative splicing (41); Chen's laboratory (133) independently identified splicing variants of mouse homologs of LDB3 by in silico screening of LIM proteins enriched in the heart and named this gene as Cypher; Olson's laboratory also isolated mouse sequence of LDB3 (named Oracle) during their process of differential screening of genes expressed specifically in the heart (95) . LDB3 localizes at Z disks (41, 133) , and LDB3 binding to ␣-actinin through its PDZ domain was identified (133) . As is the case with other enigma gene family members, LDB3 has PKC-interacting capacity, but its isotype specificity for PKC binding is lower than that of ENH and enigma (133) .
A mouse with a genetic deletion of LDB3 developed embryonic-neonatal myopathy and died prematurely, most likely due to respiratory distress (132) . Notably, frequent mutations of LDB3 have been found in patients with dilated cardiomyopathy: Towbin's laboratory screened 100 probands and found 5 distinctive amino acid changes (118) , whereas Kimura's laboratory identified an Asp626Asn mutation in 1 of 96 unrelated cardiomyopathy patients (7) . Although in none of the cases was familial size sufficient to establish phenotype-genotype relationship, the Asp626Asn mutation was demonstrated to increase the affinity of LDB3 to PKC (7), suggesting a disturbance of the adaptor function of LDB3 for PKC may play a role in the pathogenesis of a subset of dilated cardiomyopathy.
TRANSMEMBRANE SIGNALING INTERMINGLED WITH Z DISK-TITIN STRESS SENSORS
MAP Kinase Signaling and Four-And-A-Half LIM Proteins
It is widely accepted that the cytoplasmic mytogen-activated protein kinase (MAP) kinase/MAP kinase kinase (MKK)/ MKK kinase cascades constitute major stress (including mechanical stress)-activated signal pathways in cardiomyocytes (11, 113) . This cascade demonstrates several modes of activation, including transmembrane receptor stimulation by soluble or diffusible ligands, cell engagement to the extracellular matrix, and cell-cell communication through the outer membrane protein recognition or gap junctions. Our previous study documented phase-dependent coordinated activations of MAP kinase cascades in left ventricles stressed by pressure overload (127) . However, how cytosolic signal molecules move to the nucleus upon activation and whether there are mechanisms to modulate this signaling transition by mechanical stresses remains largely elusive.
Recent studies by Molkentin's laboratory provided the first evidence that a titin/Z disk-associated scaffolding protein modulates the cardiac MAP kinase cascade (99) (Fig. 3) (99) and more precisely at the I-band region of sarcomeres in the proximity of Z disks (the titin N2B region of the I band) (75) . FHL2 was identified as an ERK2-binding molecule in cardiomyocytes (99) ; ERK2 binding to FHL1 and FHL3 was also confirmed (99) . The coimmunoprecipitation analysis by Molkentin's laboratory showed FHL2 had a higher affinity to the phosphorylated and active form of ERK2 compared with the nonphosphorylated form of this molecule. Adenovirus-mediated overexpression of FHL2 in cardiomyocytes suppressed nuclear translocation of the phosphorylated ERK2 and inhibited ERK-mediated transcriptional activations, suggesting that FHL2 may work as a cytoplasmic tether of activated ERK2. Alternatively, several studies in other cell types report that FHL2 shuttles between the cytoplasm and the nucleus and regulates transcription [e.g., FHL2 may antagonize part of rho-megakaryotic acute leukemia (MAL)/myocardinrelated transcriptional factor (MRTF) signal transduction (98); FHL2 on the other cooperates with CBP/p300 and ␤-catenin (74)], which hints at the possibility that FHL2 and activated ERK2 cotranslocate to the nucleus and regulate gene expression. In addition, FHL2 has been reported to interact with ␣ 7 ␤ 1 -integrin (109), an abundant integrin isotype both in skeletal and cardiac muscles (103) . FHL2 is also found at the M band (75) so that there may be multiple cytoplamsmic FHL2 pools, including sarcomere I and M bands and sarcolemmal adhesion plaques. FHL2-null mice were independently generated and characterized by two laboratories (20, 71). Consistent with the hypothesis that FHL2 negatively regulates ERKmediated signaling, Williams' laboratory found 7-day chronic infusion of isoproterenol augmented cardiac hypertrophy in FHL2-null mice (71) , whereas left ventricular hypertrophy induced by surgical aortic coarctation in FHL2-null mice generated by Chen's laboratory was indistinguishable from wild-type control animals (20). This phenotypic difference may be due to the complexity and redundancy of signal cascades activated by pressure overload (57, 59) .
PKC and Emerging Z Disk PKC Adaptors
Two "novel"PKC (nPKC) isotypes, nPKC␦ and nPKC⑀, both of which are highly expressed in cardiomyocytes, translocate from the cytoplasm to the cardiac particulate fraction by GqPCR agonist (such as phenylephrine or endothelin-1) stimulations (23). Both acute (96) and chronic pressure overload (28) have also shown to induce PKC⑀ translocation to the particulate fraction in rodent myocardium. Furthermore, earlier studies by Yazaki's laboratory demonstrated that PKC inhibition suppressed stretch-induced hypertrophy in cultured neonatal cardiomyocytes and that PKC-dependent c-Raf activation was at least partially responsible for this direct mechanical stress-induced in vitro hypertrophic responses (126) . Collectively, PKCs (nPKC isotypes, in particular) have been suggested as stress signal transducers in cardiomyocytes. A recent study from Solaro's laboratory also pointed out that PKCs critically regulate actin thin filaments through its functional interaction with an actin-capping protein (CapZ), which localizes at Z disks (100) .
Multiple immunohistological studies using isotype-specific antibodies have convincingly documented that PKC⑀ rapidly moves from the cytosol to Z disks accompanied by its activation (28 -30, 61). Hereby, PKC isotype-selective adaptor proteins, which are collectively named as receptors for activated C-kinase (RACKs), obviously play significant roles to regulate the activations and subcellular compartmentalization of distinctive PKC isotypes (31). A Golgi membrane complexassociated protein ␤Ј-COP has been proposed as a PKC⑀- specific RACK, and its cross-striated pattern of localization was reported in cardiomyocytes (25); however, Z-disk localization of ␤Ј-COP has not been established nor has the direct interaction of ␤Ј-COP with Z disk proteins been known. In this regard, as mentioned above, enigma family PDZ-3LIM proteins, which directly bind to PKCs with some isotype selectivities, localize apparently at Z disks (Fig. 3) . Further studies are required to determine whether enigma family PDZ-3LIM proteins are essential components of PKC localization at Z disks and to test whether this molecular complex plays a critical role in mechanical stress sensing.
Calcium-Activated Signaling Associating With Z Disks
An unequivocally significant role of calcium-Cn signaling in cardiac (perhaps largely pathological) hypertrophy has been established (119, 120) . The recent identification of calsarcins (also known as myozenins) as a novel Cn-binding protein family has introduced a novel molecular mechanism in which calcium-dependent signaling occurs or is modulated through Z-disk interaction (Fig. 3) . Calsarcin1 [myozenin 2 (MYOZ2)] was found as a gene expressed uniquely in the adult heart and slow skeletal muscles among the members of calsarcin (myozenin) gene family, which were identified as Cn-binding proteins using a yeast two-hybrid screening by Olson's laboratory (47) . Z-disk localization of MYOZ2 was further demonstrated (47) (47) . In this connection, Z-disk association of an immediate downstream transcriptional factor of Cn, nuclear factor of activated T cells (NFAT), was also suggested, although this study utilized a strategy of in vitro enhanced green fluorescence protein-tagged NFAT expression in dissociated skeletal muscle fibers (80) .
MYOZ2-null mouse was generated by Olson's laboratory, and exaggerated left ventricular hypertrophy was found in this mutant animal exposed to chronic aortic coarctation (45) . Diminished Cn-dependent transcriptional regulation was shown in stressed MYOZ2-null mouse hearts. These data suggested that the loss of MYOZ2 per se or Z-disk abnormalities induced by MYOZ2 ablation enhanced calcium-Cn-dependent signaling. Olson's group also indicated that Z disks may serve as a subcellular compartment for cytoplasmic Cn sequestration. Intriguingly, the Z-disk localization of Cn was retained in the MYOZ2-null myocardium (45) , suggesting other Z disk proteins also interact with Cn. As described above, MLP/CRP3 may be one such Cn-binding molecule at or in the vicinity of Z disks (55) . The essential requirement of MLP/ CRP3 for Cn sequestration at Z disks has to be established utilizing MLP/CRP3-null cardiomyocytes.
TITIN ELASTIC DOMAINS AND INTERACTING POTENTIAL SIGNAL MEDIATORS
The I-band region of titin is highly flexible and has unique elemental structures (such as N2B, N2A, and PEVK domains). As mentioned previously, there is a possibility that mechanical stretch defects found in MLP-null myocardium are exclusively due to the alternation of the intrinsic elastic properties of titin, which may directly be sensed by its interacting signal molecules. In this regard, a series of molecules, such as muscle ankyrin repeat family proteins (MARPs) (85), myopalladin (13) , and p94 calpain (112) , have been identified as unique I-band titin-associating proteins. More experiments are required to test the attractive hypothesis that titin itself functions as a mechanical sensor together with its interacting molecules at coiled domains. Recent papers (51, 86) have reviewed this topic.
"THE OTHER END OF TITIN" STORY: M LINE AND STRESS SENSORS FOR NUCLEAR REGULATION AND PROTEIN TURNOVER
The M-band, which is the central structure of thick filament and where the COOH end of titin anchors, is recognized as another potential molecular center of mechanical stress sensing. It appears likely that both transcriptional regulation and ubiquitination-dependent protein degradation are involved in this stress sensory machinery. M-band titin (the COOH terminus of titin) has a putative serine-threonine kinase domain that overlaps with the COOH terminus of another titin molecule that symmetrically extends its NH 2 end to the other side of a sarcomere (51). T-cap, which localizes at Z disk, was proposed as a substrate of titin kinase during myofibrillar formation (83); however, because of the physical distance between the M band and Z disk (ϳ0.9 m at the slack length of the cardiac sarcomere), the physiological significance of titin kinase activity in mature myofilaments had been unclear. Yet in search of binding molecules to the COOH terminus of titin, Gautel's group discovered a novel molecular complex at the M band (76) . This complex consists of a zinc-finger protein (nbr1), which binds directly to M-band titin, and p62 (another zincfinger protein). These proteins were identified as novel substrates of titin kinase (a recombinant kinase fragment with a mutation to constitutively activate kinase domain was used in this study, the K m of p62 was 10 times less than those of nbr1 and T-cap in vitro, so that p62 is a less likely substrate of titin kinase) (76) . It is intriguing that one of the titin mutations, Arg279Trp, found in patients with hereditary myopathy, reduced titin interaction with nbr1 significantly (76) . The nbr1 and p62 interact with each other and both have the ubiquitinassociated (UBA) domain. Accordingly, Gautel and collaborators (76) further identified the muscle-specific ring finger-2 (MURF-2) as another component of the titin COOH-terminal multimolecular complex (titin COOH-terminal kinase domainnbr1-p62-MURF-2) (Fig. 4) . On the other hand, an independent yeast two-hybrid screening by Labeit's group (19) has determined MURF-1, another member of highly homologous MURF family genes, directly binds to the titin COOH-terminal kinase domain and found that MURF-2 and MURF-3 interact indirectly with this domain (through hetero-oligomerization of MURF family proteins).
MURF-1 null mice generated by Glass' laboratory showed significant resistance to denervation-induced skeletal muscle atrophy (16) , which strongly indicates that cardiac MURFs may also control cardiac mass through a ubiquitination-dependent protein degradation pathway. In cardiomyocytes, both MURF1 and MURF2 distribute in the cytoplasm and the nucleus (76, 84) , and indeed yeast two-hybrid screening of muscle cDNA libraries performed by several laboratories have identified multiple MURF-interacting proteins in both cytoplasmic and nuclear locations, which include the serum response factor (SRF) (76) , glucocorticoid modulatory element binding protein-1 (84), PKC-adaptor RACK1 (8), cardiac and skeletal troponin I (67, 121), troponin T, nebulin, N-RAP, myosin light chain, myotilin, T-cap, and a series of enzymes related to energy metabolism (121) (Fig. 4) .
With the use of beating-arrested cultured neonatal cardiomyocytes treated with either a cardioplegic medium containing 2,3-butanedione monoxime or an L-type calcium channel blocker verapamil, Gautel's laboratory (76) provided experimental data supporting their hypothesis that constant mechanical stress on myofilaments given by spontaneous rhythmic beating maintains the stability of M-band titin-nbr1-p62-MURF2 protein complex, holding MURF2 in the cytoplasm. Gautel and his colleagues further propose that cytoplasmic retention of MURF2 is important to maintain the nuclear level of SRF, which binds to MURF2 and may be targeted to 26S proteosomes by ubiquitination. Yet more studies are needed to establish the in vivo significance of this emerging and attractive hypothesis related to the M-band titin-associated mechanical stress-sensory system. Moreover, a recent study by Patterson's laboratory identified that Atrogin-1 [muscle atrophy F-box protein (FBXO32)] localizes at cardiac Z disks and regulates the protein level of Cn (78), providing a new mechanistic view that multiple active protein degradation systems are associated with the cardiac cytoskeleton and involved in on-demand regulation of assembled sarcomere numbers that determines the size of cardiomyocytes.
COSTAMERE: "FOOT STRUCTURE" LINKING Z DISK CYTOSKELETON TO SARCOLEMMA AND EXTRACELLULAR MATRIX
Costameres are riblike perisarcolemmal subcellular structures aligned predominantly with Z disks. They function as a striated muscle adhesion plaque to extracellular matrix (ECM), similarly to the focal adhesions in nonmuscle cell types. Vinculin is historically a signature marker protein of this structure. Costameres have been thought as the lateral force transmission foot structure connected to ECM proteins and also to the neighboring cardiomyocytes. The general recognition is that this lateral force transmission is an important element of the coordinated contraction within cardiac muscle layers. However, as opposed to this outward function, there has emerged a new concept that the costamere also plays an important role as an inward lateral mechanical sensor of cardiomyocytes (39, 108). Two distinct macromolecular protein complexes, the integrin complex and the dystrophin-glycoprotein complex (DGC), may play major regulatory roles at costameres.
Signal transduciton through an integrin complex has been extensively studied in nonmuscle cells at focal adhesions (89) , as well as in cardiomyocytes (103) . The cytoplasmic domain of integrin provides critical anchors for the actin cytoskeleton and for a multi-molecular molecular complex formed at the costamere, which includes nonreceptor type tyrosine kinases such as focal adhesion kinase (FAK), src-family tyrosin kinases, and integrin-linked protein kinase (ILK), cytoskeletal proteins such as talin and vinculin, and signal mediators such as small M r GTP-binding proteins (rac, rho, Cdc42) (39, 89, 103, 108) . It is well recognized that the integrin complex is important for heart formation and for maintaining its physiological functions; e.g., cardiac-restricted deletion of ␤ 1 -integrin resulted in dilated cardiomyopathy (111) , and mice with heterologous vinculin deletion did not tolerate an increase in left ventricular afterload (129) . Although FAK has been thought of as a key signaling molecule associated with integrins in cardiomyocytes (103) , ILK also constitutes a potentially significant molecular module associated with the cytoplasmic domain of integrin (122) : ILK is known to phosphorylate the Ser473 residue of Akt and to regulate its enzymatic activity. ILK also forms a ternary complex with PINCH1, a five LIM domain protein, and CH-ILKBP, a parvin family gene, at the costamere. The genetic ablation of either ILK, PINCH1, or parvin in Drosophila and C. elegans resulted in the disruption of integrin-actin linkage and causes defective attachment of cells to ECM (122) , suggesting a critical role of ILK at adhesion plaques in functional linkage of cardiac myocytes to the ECM. Although ventricular specific ablation of PINCH1 did not induce obvious heart defects (79), it would be interesting to challenge PINCH1-null or ILK-ablated cardiomyocytes with mechanical stresses. The potential importance of ILK was further emphasized by a recent study conducted by Srivastava's group (15) . In this study, thymosin ␤4 (TMSB4X), a 43-amino acid ubiquitous actin-binding protein that buffers ATP-actin monomers in the process of actin filament polymerizing (32), was identified as another independent binding partner of ILK and PINCH. Externally applied thymosin ␤4 was taken up via an unknown molecular mechanism, enhanced migration capability and augmented the survival of cultured cardiomyocytes (15) , perhaps through the activation of the Akt signal cascade (113) . Moreover, systemic infusion of thymosin ␤4 immediately after coronary artery ligation reduced the size of myocardial infarction in mice (15) . Thus it is tempting to speculate that ILK-Akt signal constitutes a part of integrin-dependent mechanical stress sensory function in cardiomyocytes and promotes cell survival. Nevertheless, the activation of ILK-Akt signaling by mechanical stress remains to be characterized, whereas rapid activation of FAK has been extensively analyzed and reported in vivo with acute pressure overload in rat hearts (43) and with cyclical stretch of isolated rat neonatal cardiomyocytes in vitro (115) .
Another notable molecule interacting with integrin at constameres is a striated muscle-specific protein melusin [integrin-␤ 1 -binding protein 2 (ITGB1BP2)], which was isolated by yeast two-hybrid screening of a neonatal rat heart library with the cytoplasmic domain of ␤ 1 -integrin as a bait (18) . Melusin has two cysteine-rich zinc-binding domains, potential SH2, SH3-binding domains, and a calsequestrin-like COOH-terminal acidic amino acid cluster. Genetic ablation analysis of melusin in mice resulted in an attenuated hypertrophic response in hearts exposed to 7-day pressure overload with subsequent chronic development of chamber dilation (17) . In contrast, cardiac melusin transgenic mice showed a moderate level of cardiac hypertrophy and a resistance to the induction of ventricular dilation after long-term pressure overload (27). In melusin-null mice, surgical coarctation of the aorta failed an acute (within 10 min) induction of glycogen synthase kinase 3␤ (GSK3␤) Ser9 phosphorylation, and Akt Ser473 phosphorylation, whereas ERK1/2 and p38 activations remained sensitive (17) . This result indicates that melusin may selectively link the integrin molecular complex to the Akt-GSK␤ signal cascade, which not only is one of the major regulatory pathways of cardiac hypertrophy (53) but also plays a significant role in cardiomyocyte survival (63) . Further clarification is needed to determine whether melusin constitutes an integrin-mediated pure mechanical stress sensor of alterations in ECM engagement.
An alternative explanation of the data from the melusin knockout and transgenic mouse studies could be that melusin plays a role in the intergrin-dependent enhancement of transmembrane receptor signaling (such as ␤-adrenergic receptor signaling). Surgical coarctation of the aorta stimulates cardiomyocytes in multiple ways. For example, within a few minutes of surgical aortic coarctation in rodents, myocardial cAMP content increases and cAMP-dependent kinase (PKA) activity increases (68) , which is partly due to the reflex of sympathetic efferent limb and the acute release of locally stored catecholamines (33). It has been shown that ␤-adrenergic agonists inhibit GSK3␤ activities in adipocytes (91) and this effect has been confirmed in cardiomyocytes (54) . Furthermore, transgenic activation of GSK3␤ suppressed in vivo ␤-adrenergic cardiac hypertrophy (3) . The molecular link between ␤-adrenergic receptor and Akt-GSK3␤ signal has not been fully established; however, ␤ 2 -adrenergic receptor and both G protein-dependent and G protein-independent signal cascades may be involved (131) . As the proximal interaction between integrins and adrenergic receptors has been revealed (103) , it is tempting to speculate that integrin-melusin complex stabilizes and augments ␤-adrenergic receptor-activated Akt-GSK3␤ signaling in mechanically stressed hearts.
In addition to the integrin-complex, DGC constitutes a mechanistic element of the cardiac costamere (39, 77). A physiological role of DGC has been emphasized by the development of marked cardiomyopathy in Duchenne and Baker muscular dystrophy patients as well as in animal models of muscular dystrophies (the mdx mouse, which is a genetic model of Duchenne and Baker muscular dystrophy; ␦-sarcoglycan-deficient BIO14.6/TO2 hamster strains, and mouse strains with genetic ablations of sarcoglycan genes, which are genetic models of Limb-Girdle Muscular Dystrophies) (2, 35) . It is well accepted that DGC complex is an essential component to stabilize the sacrolemma against physical stress (24); however, the inward mechanical stress sensor function of DGC has not been characterized sufficiently (77) . In this regard, mislocalization and dysregulation of NO synthase (NOS) has been linked to dystrophin defects in skeletal muscle cells, and the association of endothelial type NOS (eNOS) with ␦-sarcoglycan and ␥-sarcoglycan has been identified in cardiomyocytes (77) . An eNOS abnormality in response to mechanical stress may be a part of pathogenesis of dystrophic cardiomyocytes, as indicated by a study in which adult cardiomyocytes that were stretched in vitro demonstrated a nitric oxide-dependent calcium mobilization (97) . Interestingly, there is a lower amount of DGC accumulation in a less well-studied foot structure along the sarcolemma that overlies M bands (M-band sarcolemma) (39). From the potential existence of an M-band stress sensor described above, the M-band sarcolemma and a role of the M-band DSG need further investigation.
INTERCALATED DISK AND STRETCH SENSING
Intercardiomyocyte adhesion structures formed at intercalated disk may also be functional as mechanical stress sensors. "Fascia adherens junctions" are where N-cadherin forms cellcell contacts and scaffolds multi-molecular complexes anchoring actin cytoskeleton, whereas "desmosomes" are constituted with desmosomal cadherins, including desmogleins and desmocollins, as intercellular adaptor molecules (22). Desmosomes are internally linked to desmin, an intermediate filament.
Both fascia adherens and desmosomes enriched at intercalated disks could serve as ideal structures to sense and process mechanical stress projected to the longitudinal direction of individual cardiomyocytes. Intriguingly some of the molecules constituting these intercellular adhesion structures have been linked to cardiac diseases such as Naxos disease and Carvajal syndrome, as discussed in detail in recent reviews (22, 106) .
So what are the identities of molecules forming mechanical stress sensors potentially at intercalated disks? One such candidate is a prominent MLP-binding protein N-RAP with an NH 2 -terminal LIM domain and a COOH-terminal actin-binding domain, which is enriched at the intercalated disks (38) and perhaps associated with actin-binding molecular components at the fascia adherens (130) . N-RAP expression is highly upregulated and found abnormally distributed in MLP-null myocardium (38). As stated previously, we proposed MLP/CRP3 constitutes a mechanical stress sensor mechanism in cardiomyocytes together with T-cap/telethonin at Z disks; however, N-RAP-MLP or N-RAP-MLP-telethonin/T-cap-titin macromolecular complexes formed at intercalated disks may also serve as a stress sensor.
In addition, sequestration of multiple transcriptional factors at the intercalated disk is of interest from a point of view of mechanical stress sensing. Clearly cadherins serve as a prominent cytoplasmic docking site of the ␤-catenin transcriptional regulator (22). The fascia adherens sink may cooperate with canonical Wnt signaling and adjust the stabilization of cytoplasmic ␤-catenin pool. Zonula occludens-1 (ZO-1, i.e., TJP1), one of the family members of PDZ proteins, which was originally identified as a tight-junction component, is also enriched at intercalated disks and may sequester several transcriptional regulators (50) . ZO-1 interacts with ␣-catenin and ␤-catenin, as well as the COOH tail of a gap junction protein connexin 43 (Cx43: GJA1) (50) . The formation of cardiac ZO-1 complex is affected by ionic conditions (calcium and pH) (34, 123) and regulated by other signaling molecules (50) including c-src (116) . A recent study showed that ZO-1 binds to ZONAB (a ZO-1 associated Y-box transcriptional factor) (12) , and ZONAB is a part of a density-dependent regulatory system of cell proliferation (12, 44) . Cardiomyocytes may utilize such an adhesion molecule-dependent intercellular communication system to sense mechanical stress.
"Gap junctions" constitute the third intercellular adhesion structure at the intercalated disks, along with "fascia adherens junctions" and "desmosomes" (22). This structure demonstrates remarkable high plasticity (106) . Extremely rapid protein turnover rate of connexins, a family of gap junction channel proteins, represented by Cx43 has been revealed, and studies from Saffitz and colleagues (134) showed that pulsative mechanical stretch induced marked upregulation of Cx43 in cultured rat neonatal cardiomyocytes. An obvious outcome of density changes in gap junction is the modulation of intercellular electrical conduction velocity, which is directly linked to arrhythmogenesis (64) . However, as connexins form diffusion pores that pass ϳ1,000-Da molecules relatively nonselectively, which may include ions and second messengers, the mechanical stress-induced quantitative changes (e.g., connexin induction) and qualitative changes (e.g., phosphorylation of Cx43 by interacting kinases) in gap junction proteins may work as a not yet well-explored stress sensory system for caridomyocytes.
SARCOLEMMAL RECEPTORS AND F-ACTIN ASSEMBLY AS DIRECT MECHANICAL SENSOR MACHINERIES
Recent studies have revealed a startling molecular mechanism of mechanical stress sensing in membrane receptors. Komuro's group (136) reported an agonist-independent direct activation of angiotensin II type 1 receptor (AT1R) in statically 20% stretched HEK293 cells that overexpressed AT1R. The stretch mobilized receptor-coupling G␣q 11 to the cytoplasm, enhanced the production of inositol phosphates, and activated ERK signaling. Compelling evidence using AT1R mutant without angiotensin II binding activity and murine cardiomyocytes in which the angiotensingen gene was ablated supported the notion that stretch-induced AT1R activation is ligand independent (136) . This study may motivate us to revisit a previously proposed working hypothesis of the mechanical stress-induced activation of cardiac AT1R (mechanical stretch induces the release of angiotensin II from cardiomyocytes and activates cellular hypertrophy) (105) .
Although Komuro's study (136) did not identify the molecular mechanism for AT1R to sense mechanical stretch, selective association of AT1R with caveolae or lipid rafts may constitute a unique sarcolemmal mechanical stress sensor mechanism. Transactivation of tyrosine kinase receptors by AT1R at caveolae-like microdomains has been shown in vascular smooth muscle cells (117) . Activated AT1R is transported to the caveolae-like microdomain and transactivates epidermal growth factor receptors (EGFRs), which is mediated by the assembly of microtubles accompanied by the accumulation of rac1 small M r GTPase at the caveolae-like microdomain in vascular smooth muscle cells (137) . In cardiomyocytes, ligand-dependent trasactivation of EGFR by AT1R has been partly explained by the activation of metalloprotease12 (ADAM12) and the subsequent cleavage of membrane-anchored heparin-binding EGF (HB-EGF) (9) . However, whether the AT1R-EGFRs transactivation can also be explained by the direct interaction of these receptor molecules at caveolae-like microdomain, particularly in the setting of mechanical stress exposure, has not been tested.
A related, but distinct, mechanical stress sensory system has been indicated in the caveolae-like microdomain of cardiomyocytes by Brown's laboratory (66) . In this study, static stretch of cultured neonatal cardiomyocytes segregated rac1 and rhoA Fig. 5 . Sarcolemmal actin assembly and nuclear signaling. Recent studies have revealed that cytoplasmic actin assembly/disassembly may regulate transcriptional factors. The rho GTPase is a nodal molecule of this pathway and has been linked to various sarcolemmal activators (G protein coupling receptors, GPCR; tyrosine-kinase receptors, TyR; adhesion plaque complexes; and the caveolae-like structure). Cytoplasmic actin assembly has been found to regulate SRF transcriptional activities through G-actin association with megakaryotic acute leukemia (MAL)/myocardin-related transcriptional factors (MRTF) proteins. STARS (striated muscle activator of rho signaling) also regulates actin disassembly.
small M r GTPases to the caveolae-like microdomain, and subsequent actin cytoskeletal rearrangement was essential for the nuclear translocation of ERK1/2 and the induction of cardiomyocyte hypertrophy. These findings are consistent with earlier observations by Komuro and Yazaki's laboratory in which two rho inactivators, a dominant negative mutant of rhoA and a rho GDP dissociation inhibitor, suppressed mechanical stretch-induced hypertrophy in cultured neonatal rat cardiomyocytes (1) . In this regard, the rhoA-rho kinase signal cascade is a potent regulator of cardiomyocyte hypertrophy (60, 107) . Mechanical stretch-induced rac1 or rhoA-regulated actin cytoskeletal rearrangement may activate another transcriptional regulatory system. Previously, Treisman's group discovered that cytoplasmic actin assembly/disassembly that is regulated by rho GTPase controls one of MADS-box transcriptional factor, SRF, and that a myocardin-related SRF coactivator MAL is involved in this process in NIH3T3 cells (88) . Olson's laboratory has extended their analysis of this signal pathway and found that a muscle-specific actin-binding protein named striated muscle activator of rho signaling (STARS) cooperates with rho and regulates MAL/MRTFs in fibroblasts as well as in cultured rat neonatal cardiomyocytes (73) . Notably, although STARS significantly affects MAL/MRTFs activities, STARS is not an upstream regulator of rho (73) . Taken together, the assembly/disassembly of the sarcolemmal actin cytoskeleton regulated by small M r GTP-binding protein (rho, rac, cdc42), and STARS may serve as another not yet wellanalyzed molecular mechanism of mechanical stress sensing in cardiomyocytes (Fig. 5) .
CONCLUSION
Cardiomyocytes are specially differentiated cells for rhythmic power generation with a wide ranging capacity for physiological adaptation. The sarcomere structure is made of three filaments (thin, thick, and titin elastic filaments) marked with Z disk, I band, A band, and M band. It is increasingly clear that the unique striated appearance of cardiac muscle cells is not a simple lattice structure but is equipped with sensors and wellorganized signal regulatory systems. The molecular machineries discussed in this article are perhaps the tip of the iceberg. There are substantial limitations in analytical resolution using current technologies. For example, we have not been able to measure intracellular molecule distribution accurately enough (particularly in living cells); there are no versatile microscales to measure molecular distances between native proteins in situ.
Although new technologies such as fluorescent resonant energy transfer or bioluminescence resonant energy transfer have become available, their use has been limited to recombinant molecules. No microstrain gauges exist to measure mechanical stresses developed inside of cytoskeletal compartments. Development of such advanced technologies will open a new era of true subcellular molecular biology. Until then, current approaches permit continued investigation of how the pieces of this fascinating puzzle fit together.
